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SUMMARY. Musculoskeletal injuries are commonly reported in workers employed in
labor-intensive agricultural-type tasks. A novelmethodof determining joint angles, joint
torques, and contact forces, using three-dimensional motion capture and musculoskel-
etal modeling, was applied to the movements of a sample of workers, engaged in the
horticultural task of digging, to determine if objective biomechanical data could be
correlated with a subjective visual assessment to predict risk of injury. The joint angle
time histories of horticulturists were calculated from the motion capture data, and this
was used to articulate a musculoskeletal model of the subjects. The joint torques were
calculated using inverse dynamics methods fromwhich the individual muscle loads were
established using a cost functionminimization approach. Finally, the joint contact forces
were calculated including the muscle forces. The motion capture data of digging trials
were observed by a team of horticulturists and physiotherapists who categorized each of
the observed trials according to form, efficiency, and risk of injury. Trials demonstrating
techniques which were more likely to yield injuries were identified as ‘‘examples of bad
technique’’; those judged tobe less likely to yield injurieswere categorized as ‘‘examples of
good technique.’’ It was found that the joint torques and contact forces and their
variability were lower in the trial which was identified as good technique, and
consistentlyhigher in the examples ofbad technique.The results of the study suggest that
measurement of joint angles, joint torques, joint contact forces, and forces in themuscles
could serve as a valuable tool to develop training programs for horticultural workers
engaged in certain high intensity tasks, such as digging, to effectively improve efficiency
and reduce incidence of injury. It may also be possible to modify horticulture-related
equipment to minimize the internal loads within the body to reduce the risk to health
and, therefore, extend active participation in horticulture.
S
ignificant numbers of people
engage in gardening as a popular
pastime (Dunnett and Qasim,
2000; Sommerfield et al., 2010) or
are employed in the wider horticultural
industry (e.g., landscaping). The prac-
tice of gardening has been described as
a moderately rigorous form of exercise
(Armstrong, 2000) and the musculo-
skeletal demands of gardening are con-
sidered substantial (Knibbs, 2014).
Much work has been done in es-
tablishing the ‘‘intensity’’ of exercise
which certain tasks offer to attribute
value in an exercise context (Park et al.,
2008). Common gardening tasks
which use the upper and lower body
such as digging and raking are de-
scribed as having moderate intensity,
whereas tasks which mainly use the
upper body such as transplanting seed-
lings and hand weeding are classified as
low intensity in those aged more than
65 years (Park et al., 2008, 2011).
With an increased interest in the use
of gardening as a form of exercise and
a health intervention (Galloway and
Jokl, 2000; Park and Shoemaker,
2009; Park et al., 2008, 2011, 2017;
Sommerfield et al., 2010), it would
appear that gardening has potential to
be beneficial for all (Etheredge et al.,
2016). However, it is important to
recognize that as with any exercise,
the risk of injury associated with
gardening tasks (Park and Shoemaker,
2009), and more specifically digging
(Bridger et al., 1998), is of concern.
Detailed data on reported injuries (and
economic loss) associated with horti-
cultural digging are difficult to capture.
Professional horticulture is a relatively
fragmented industry consisting of
largely self-employed workers or small
businesses, and this can lead to under
reporting of accidents and injuries
(Solomon et al., 2007). Accurate data
collection is further complicated by
the fact that musculoskeletal disor-
ders are difficult to associate with par-
ticular repeated activities (Schneider,
2001). However, a survey carried out
in the Netherlands of 2580 male
employees and employers in Dutch
agriculture reported that a total of
75% of the employees and 71% of the
employers suffered from musculo-
skeletal symptoms, predominantly in
the lower back, followed by the neck–
shoulder and knees (Hildebrandt,
2007). Within amateur horticulture,
data collection becomes even more
difficult to coordinate and capture.
However, several studies considering
horticulture as a form of exercise re-
port gardeners associating gardening
(and digging in particular) with
lower back pain (Buck, 2016; Park
and Shoemaker, 2009). By better
understanding the biomechanics of
digging, it may be possible to reduce
the risk of injury through improved
advice, training, and awareness raising.
As understanding of the muscu-
loskeletal system develops, as well as
the ability to monitor and measure
forces and torques using biomechani-
cal analysis, the impact of digging on
different musculoskeletal components
is easier to measure. Early research on
ergonomics and biomechanics associ-
ated with manual handling type tasks
used observational studies (Buchholz
et al., 1996), and as technology de-
veloped, quantitative bioinstrumenta-
tion was introduced (Marras et al.,
1993) as well as three-dimensional mo-
tion capture and musculoskeletal mod-
eling (Winter, 2004). The application
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of biomechanical analysis in the mea-
surement of clinical gait is now amature
procedure (Patrick, 1991). Accord-
ingly, the quality and validity of the data
has enabled its use in pre- and post-
operative evaluation (Perron et al.,
2000) and for non-invasive anthro-
pometric measurement (Shippen and
Ashford, 2003).
More recently, biomechanical
analysis was adopted by sports studies
to objectively measure performance
and compare actions between athletes
to optimize performance and to de-
velop techniques which minimize the
risk of injury. Examples of applications
include weight lifting (Lauder and
Lake, 2008), throwing events (Nissen
et al., 2007), wheelchair tennis (Reid
et al., 2007), cycling, rowing, track
and field events (Tilp et al., 2008), and
boxing (Filimonov et al., 1983).
Moreover, there is evidence that high
joint torques have a positive correla-
tion with injury risk (Sun et al., 2015).
Horticulture is also suitable for
analysis where the primary objectives
may be injury avoidance and increas-
ing the efficiency of the participant in
gardening tasks. Abnormal patterns
of gardening movement may be self-
sustaining and reinforced over time
by repetition and be the cause of
potential injury risk. It is known that
muscle fatigue reduces the force ca-
pabilities of a muscle (Lieber and
Friden, 1988) and that excessive force
magnitudes or repetitious forces may
surpass the capacity and recovery
limits of muscles which may result in
fatigue or injury. Medical and health-
care practitioners therefore need to
understand the kinematics and kinet-
ics of gardening movement to enable
them to facilitate improvement of
movement performance, reduce or
prevent injury, or if injuries are pres-
ent, to identify a therapeutic regime
to support rehabilitation (Lehmkuhl
and Smith, 1988).
To undertake a biomechanical
analysis of a horticultural action re-
quires data about the movement of
the subject, or subjects, and the ex-
ternal forces being applied on them.
Forces are pushes and pulls which
cause an object to accelerate unless
restrained by counteracting forces.
Torques are the rotational equivalent
of forces; torques cause objects to
rotate (Serway and Jewett, 2003).
For example, to drive a screw into
wood, the hand applies a torque to
the screwdriver which applies a torque
to the screw; the body moves due to
the locomotor muscles around the
body applying torques at the joints.
Biomechanical analysis can assist in
the understanding of the forces and
torques at work within the gardener’s
bodyduringhorticultural tasks (Shippen
and May, 2012).
The three-dimensional move-
ment of the subject is typically mea-
sured in one of two ways: optical
tracking or magneto-inertial tracking.
Optical tracking requires the attach-
ment of retro-reflective markers to
the subject in the Helen Hayes
marker set (Hallemans et al., 2005.)
at anatomical landmarks (Fig. 1A
shows an example of an optical track-
ing system). The subject is then sur-
rounded by numerous cameras,
typically 12–15. Attached to each
camera is a light source and the
camera records the motion of the
markers by observing the reflected
light (the subject is not seen). Each
camera produces a two-dimensional
image of the scene; however, by com-
bining multiple images from the dif-
fering locations of all of the cameras,
a three-dimensional representation
can be constructed. Optical tracking
has the advantage of measuring abso-
lute positions with a high level of
accuracy, normally better than ±1 mm.
However, the disadvantages of optical
tracking include a sensitivity to high
ambient light (often excluding work-
ing outside) and a requirement for
extensive post-processing after the
data collection to clean the data.
Magneto-inertial tracking re-
quires the attachment of sensors to
segments of the body, typically 17
segments (Shippen and May, 2016).
Figure 1B shows an example of
a magneto-inertial system. Within
each sensor are three linear acceler-
ometers, three gyroscopes, and three
magnetometers. Doubly integrating
the linear acceleration returns linear
displacement and integrating the an-
gular velocity from the gyroscopes
returns the orientation of the segment.
The linear and angular drifts inherent
in the integrations can be removed
using the magnetometers, gravita-
tional direction, and contact condi-
tions (Karatsidis et al., 2017). The
measurement of absolute position is
not as good using magneto-inertial as
it is with optical tracking. However,
magneto-inertial tracking has the ma-
jor advantage in a horticultural setting
of being able to be used outside.
Digging is taken as an exemplar
of an activity suitable for biomechan-
ical analysis in the identification of
techniques and postures which can be
advantageous and disadvantageous
for the maintenance of optimal
health. Although the ergonomics of
manual handling and the impact of
power tools, and in some cases man-
ually powered tools, have been stud-
ied, little work has been done on
digging and its suggested detrimental
effects on the musculoskeletal system
of the user, specifically the lower back
(Bridger et al., 1997, 1998). The
purpose of this study is to apply
motion capture techniques and novel
musculoskeletal modeling techniques
commonly used in clinical and sport-
ing environments to analyze the loads
in the joints andmuscles of gardeners.
By focusing on digging initially, this
research will examine a common gar-
dening task that is considered to be of
moderate intensity and perceived to
be potentially harmful to the body.
Units
To convert U.S. to SI,
multiply by U.S. unit SI unit
To convert SI to U.S.,
multiply by
0.3048 ft m 3.2808
3.7854 gal L 0.2642
25.4 inch(es) mm 0.0394
0.4536 lb kg 2.2046
4.4482 lbf N 0.2248
1.3558 lbf ft Nm 0.7376
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Materials and methods
The torques that occur at the
joints during any activity can be cal-
culated using inverse dynamics tech-
niques (Crowninshield et al., 1978).
For an open loop hierarchy, the cal-
culation of the torques at the joints
can be obtained from
T =
Xn
i=1
Iiai +
Xn
i=1
r i 3 fi mi x i
  
:
½1
where T is the torque vector at the
joint; n is the number of segments
distal to the joint; Ii is the inertia
tensor of the ith segment distal to
the joint; ai is the angular accelera-
tion vector of the ith segment distal
to the joint; ri is the position vector of
the ith segment distal to the joint
relative to the joint; fi is the external
force applied to the ith segment distal
to the joint;mi is the scalar mass of the
ith segment distal to the joint; and xi
is the acceleration of the ith segment
distal to the joint in the global co-
ordinate system.
The force of constraint at the
joint is
F =
Xn
i=1
fi mi x ið Þ ½2
where F is the force of constraint
vector at the joint.
The external forces which act on
the subject normally occur between
the person and the tools which are
being used in the task. The measure-
ment of these forces generally requires
the introduction of a force transducer
into the tool. However, there are some
tasks for which the force can be readily
calculated (e.g., lifting a known weight
of soil on a spade).
The torques at the joints were
generated by the contraction of the
muscles which cross the joint (Fig.
2A). Eq. [1] was used to calculate the
torques occurring at the joints of the
body during arbitrary horticultural
tasks and Eq. [2] yielded the joint
contact forces. However, there is no
unique solution for the load distribu-
tions within the muscles. This is be-
cause there are 50 torques at the
major joints within the body. There
are also 600 locomotor muscles
(the muscles which cause voluntary
movement of the body) which can
potentially lead to an infinite number
of solutions. This can be demon-
strated by considering that simulta-
neous tensing of antagonistic muscles
can cause no motion (e.g., the quad-
riceps which extend the knee and the
hamstrings which flex the knee).
Hence, the relaxed and tensed muscle
tensions are both valid solutions to
the force distribution problem.
To obtain a unique solution to
the muscle force distribution prob-
lem, an assumption is made about
how the neurological system config-
ures the loads within the body. The
assumption is that the body tries to
generate the observed motion using
the minimal possible muscle force
(Shippen and May, 2010). This as-
sumption is physiologically justified
by noting that this strategy minimizes
fatigue (Erdemir et al., 2007). This
assumption is quantified as a cost
function of the sum of the square of
the muscle activations, where the
muscle activation is defined as the
instantaneous muscle force divided
by the maximum isometric muscle
force; i.e., the maximum force a sta-
tionary muscle can produce. By min-
imizing the cost function, the muscle
force distribution can be calculated
(Fig. 2B).
Once the muscle force distribu-
tion is established, the total force
between the bones meeting at a joint,
the joint contact force, can be calcu-
lated as the vectorial sum of the forces
of constraint and the forces of all of
the muscles crossing the joint (Fig.
2C). The energy demand of each
muscle can be calculated as the in-
tegral of the muscle force with respect
to contraction displacement and the
power as the integral of muscle force
Fig. 2. Examples of torques, muscles forces, and joint contact forces that occur
within the body during digging [joint torques (A), muscle forces (B), joint contact
forces (C)].
Fig. 1. Three-dimensional motion-capture systems used during digging trials
[optical tracking (A), magneto-inertial (B)].
748 • December 2017 27(6)
FEATURES
with respect to contraction velocity.
The whole body energy demand and
power needed for the task is the
summation across all of the locomo-
tor muscles. All the data collected
were then analyzed using Biomechan-
ics of Bodies (BoB-Biomechanics,
2016) analysis code written in MAT-
LAB (MathWorks, Natick, MA)—
a general purpose numerical analysis
environment.
As a demonstration of the afore-
mentioned methods, the loads and
torques occurring within the joints
and muscles of the body were calcu-
lated during digging using an inverse
dynamics and cost function minimi-
zation. A 12-camera optical tracking
system (MX40:ViconMotion Systems,
Oxford, UK) was used to measure the
movement of 15 subjects [mean (± SD)
age = 36 ± 13 years, age range = 20–72
years; mean height = 1.72 ± 0.07 m,
height range = 1.58–1.81 m; mean
experience = 15 ± 13 years, experience
range = 1–50 years; eight male, seven
female]. Each subject undertook two
trials; each trial consisted of digging
out three spade loads of soil and
placing them in a pile to one side,
resulting in 30 trials in total. These
trials were undertaken in the labora-
tory to utilize the more accurate
optical tracking motion capture sys-
tem. To recreate typical and consis-
tent soil conditions, each subject
undertook the task while standing
in a large container (1.25 · 1.25 ·
0.8 m) that allowed full freedom of
movement. The container was filled
with 1000 L of clay loam soil (35%
clay, 35% silt, and 30% sand), and
before each subject performed the
task, the same member of the super-
visory team heeled the soil down in
the container to maintain realistic
and consistent soil conditions be-
tween the digging trials. The task
was defined as digging rather than
shovelling as it required the sub-
jects to break up and move soil while
shovelling tends to only require mov-
ing soil (Bridger et al., 1997).
Each subject was asked to dig
using a standard UK-style spade with
a slightly curved tip and concave blade
(Spear and Jackson, Sheffield, UK).
This tool is sold as a ‘‘digging spade.’’
It has a shaft (top of handle to top of
spit) length 730 mm, spit dimensions
180 · 290 mm, and weight 2.2 kg.
The motion data recorded from the
three-dimensional motion capture
were used to calculate the time histo-
ries of the angles of the major loco-
motor joints. These joint angles were
then used to articulate a musculoskel-
etal model; hence, the height of the
subjects was implicitly normalized to
a constant. The external forces during
lifting the soil were based on the
assumption of moving 10 kg of soil
on the spit of the spade.
The identity of the subjects was
anonymized using the musculoskele-
tal model for visualization of the 30
trials which were subsequently exam-
ined by a team of four horticulturists
and two physiotherapists. The horti-
culturists and physiotherapists sep-
arately reviewed the movement
exhibited in all the trials and ranked
their relative actions. The team
agreed on one trial as an exemplar of
good technique against performance
criteria of high horticultural and
physiological efficiency and low po-
tential injury risk. The team also
agreed on one trial which was felt to
be horticulturally and physiologically
inefficient and demonstrated a high
potential injury risk. The former was
labeled ‘‘good’’ and the latter was
labeled ‘‘bad’’ and these movements
were subjected to inverse dynamics
analysis.
Results
Postures observed during the tri-
als which were identified as examples
of good and bad techniques by the
team of horticulturists and physio-
therapists are illustrated in Fig. 3A
and B. The activations of the muscles
are color-coded: a green muscle has
low activation and a red muscle has
a high activation with a continuum in
between.
JOINT TORQUES. Using Eq. [1],
the joint torques were calculated at
both shoulders and in the lumbar
region of the back for the examples
of both good and bad technique in
digging. The subjects in both the
good technique example and bad
Fig. 3. Examples of postures assessed to be good and bad postures using
biomechanical analysis [good posture (A), bad posture (B)].
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technique example were right handed
and placed their left hand close to the
spade’s spit. Therefore, during the
lifting of the soil, most of the weight
was carried by the left hand and arm,
and this resulted in larger torques
occurring in the left rather than the
right shoulder. The peak torque in
the left shoulder was 32% higher for
the bad trial when compared with the
good trial (Fig. 4A), and the pattern
for the three repetitions was much
more consistent in the good trial
when compared with the bad trial.
In the right shoulder, the peak torque
was 15% higher in the bad when
compared with that in the good trial
(Fig. 4B), and the pattern was again
more consistent across the three rep-
etitions in the good trial, although
the bad trial was not as inconsistent as
in the left shoulder. The peak torque
in the lumbar region of the back was
54% higher for the bad trial in com-
parison with the good trial (Fig. 4C).
Interestingly, the consistency of the
pattern across the three repetitions was
better for the good trial and slightly
less consistent for the bad trial.
JOINT FORCES. Eq. [2] was used
to calculate the constraint forces at
the shoulder and in the lumbar re-
gion. The forces occurring in the
muscles which cross these joints were
then vectorially added to the con-
straint forces to calculate the total
joint contact force (Fig. 5). The left
shoulder contact force (Fig. 5A) for
the bad trial was 30% higher than the
good trial, and the pattern for the
three repetitions was much more
consistent in the good trial than the
bad trial. For the right shoulder (Fig.
5B), the contact force was 212%
higher in the bad trial when compared
with the good trial, but this was an
exceptional event and generally the
forces are similar. The pattern for the
three repetitions was again much
more consistent in the good trial than
in the bad trial. The lumbar contact
force (Fig. 5C) was 47% larger for the
bad trial when compared with the
good trial, and again the consistency
of the pattern across the three repeti-
tions was higher for the good trial and
inconsistent in the bad trial. These
results are specific to the subjects
studied in the trials and the small
number of subjects limits the gener-
alization of these results.
Discussion
It was found that the approach of
applying inverse dynamics methods,
followedby cost functionminimization,
Fig. 4. Comparison of torques for good and bad trials rated on whole body score [left shoulder torque (A), right shoulder
torque (B), lumber torque (C)]; 1 Nm = 0.7376 lbf ft.
750 • December 2017 27(6)
FEATURES
was a practical technique to calculate
the torques and joint contact forces
within the joints and muscles of the
body during typical horticultural dig-
ging tasks.
The modest external force of
lifting 10 kg of soil (about 100 N)
resulted in a peak force of 3410 N
in the left shoulder joint (gleno-
humeral) and the intervertebral force
was 4744 N in the lumbar region
(L4/L5). These large internal forces
occurred because the weight of the
soil was acting at a distance compara-
ble to a meter, whereas the muscles
were acting at a lever arm comparable
with millimeters. For a given torque,
as the lever arm decreases, the re-
quired force proportionately in-
creases, and these muscle forces act
to increase the joint contact forces.
Habitually large joint contact forces
are associated with an increased risk of
degenerative joint diseases such as
osteoarthritis (Varady et al., 2015).
Peak forces and torques were
higher in both shoulders and the
lumbar back in the trial assessed to
be an example of bad technique by
the horticulturists and physiothera-
pists, when compared with the exam-
ple of good efficient technique. There
was also greater variability in the force
and torque patterns for the bad trial
relative to the good trial. It is sug-
gested that the assessors are implicitly
observing these metrics and basing
their rating of the efficiency and injury
risk of the action on these perfor-
mance indicators.
This study explored the poten-
tial for biomechanics to contribute
toward the understanding of low-risk
and high-risk body positioning (or
style) in relation to horticultural dig-
ging. However, it should be noted
that biomechanical analysis is suscep-
tible to the introduction of error due
to motion measurement artifacts
(Peters et al., 2010), muscle model-
ing (Ditroilo et al., 2011), and the
selection of a suitable cost function
minimization (Praagman et al., 2006).
There were also practical limitations
with the approach presented that need
to be noted. By examining a range of
subjects, the research attempted to
establish a mean result; but, different
variables such as age (Norton et al.,
2010; Park et al., 2008), experience
(Bridger et al., 1998), fitness (Hawkins,
et al., 2011; Norton et al., 2010), and
tool size (Brickell, 1992; Park et al.,
2011) could potentially yield subtle
differences in results. Further studies
focusing on how these variables affect
Fig. 5. Comparison of forces for good and bad trials rated on whole body score [left shoulder force (A), right shoulder force
(B), lumber force (C)]; 1 N = 0.2248 lbf.
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the results would be of interest. Sim-
ilarly, the setup of the experiment
introduced practical limitations; e.g.,
working in the laboratory and using an
artificial soil environment made task-
ing each subject with exactly the same
challenge difficult. Similar environ-
mental considerations were described
by Park et al. (2011). The subjects
were also given space to manoeuvre
freely, which in many real-world sce-
narios may not be the case. To opti-
mize the accuracy of the optical
tracking motion capture system in this
exploratory research, these limitations
were considered acceptable. It is also
acknowledged that the profile of gar-
dening experience within the sample
of subjects might not be representative
of the entire gardening population.
The results presented here would
appear to offer an objective approach
to enabling safer and more effi-
cient actions to be defined and thus
adopted by practitioners through
better-informed advice, training, and
awareness. In addition to digging, the
approach presented here could be
applied to other tasks where repeated
motions could be damaging to the
musculoskeletal system (e.g., hand
weeding and pruning).
The results of this study, relating
specifically to the task of digging,
could potentially benefit both ama-
teur and professional horticulturists.
In relation to amateur horticulturists,
it is suggested all ages could benefit
through increased regular exercise
(Park et al., 2013) and older people
through extending the practice of
gardening into even older age by
maintaining fitness and reducing the
decline in musculoskeletal function
attributed to aging (Galloway and
Jokl, 2000; Hawkins et al., 2011;
Park et al., 2009). The benefits for
professional gardeners include reduc-
ing the economic loss through lost
work time, worker injuries, and in-
surance compensation claims. Fur-
ther work across a wide range of
horticultural activities would be of
great value and this is currently being
researched in collaboration with the
Royal Horticultural Society, United
Kingdom.
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